Turkey erythrocyte membranes were solubilized in the mild detergent octylpenta(oxyethylene) [CH3(CH2)7-(OCH2CH2)50H], which possesses a high critical micelle concentration (=6 mM) and forms small, dynamic micelles. Both the native enzyme N,(GDP)-C and the p [NH] Receptors for hormones and neurotransmitters interact with an effector system within the plane of the membrane to generate the primary biochemical response. A major class of receptors consists of those that activate adenylate cyclase upon agonist binding (refs. 1 and 2; ref. 3 and references therein). The activation of the catalytic unit of adenylate cyclase depends not only on the occupancy of the receptor by an agonist but also on the simultaneous occupancy of the GTP regulatory protein Ns by GTP (4). A number of mechanisms have been proposed for the sequence of events leading from the step of agonist occupancy on the receptor to the production of cAMP from ATP by the catalytic unit C. Currently three types of mechanisms are being discussed (Fig.  1) .
Receptors for hormones and neurotransmitters interact with an effector system within the plane of the membrane to generate the primary biochemical response. A major class of receptors consists of those that activate adenylate cyclase upon agonist binding (refs. 1 and 2; ref. 3 and references therein). The activation of the catalytic unit of adenylate cyclase depends not only on the occupancy of the receptor by an agonist but also on the simultaneous occupancy of the GTP regulatory protein Ns by GTP (4) . A number of mechanisms have been proposed for the sequence of events leading from the step of agonist occupancy on the receptor to the production of cAMP from ATP by the catalytic unit C. Currently three types of mechanisms are being discussed (Fig.  1) .
Although there is considerable evidence that hormone activation of adenylate cyclase by 8-agonists (5-7), glucagon (8, 9) , and neurohypophyseal hormone (10) occurs by the "collision coupling" mechanism, counter arguments have been raised. These arguments are based on two types of observations: (i) guanyl nucleotides reduce the affinity of fadrenergic receptors towards their agonists (11) and, therefore, Ns and R are associated (12) , and (ii) the n-receptor in the presence of guanyl-5'-yl-imidodiphosphate (p[NH]ppG) can activate Ns in the total absence of C (13) . These observations were taken to mean (12, 13) that Ns "shuttles" between R and C (Fig. 1) .
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. other at all times. This model predicts (i) linear dependence of the rate constant of adenylate cyclase activation on the concentration of receptor R; (ii) the interaction between N, and C is never rate limiting; (iii) noncooperative binding of H. Model 3: N, shuttle. In this model the receptor R, the GTP stimulatory unit N,, and the catalytic unit C are all separate and interact sequentially as depicted. This model predicts noncooperative binding of H. if HR-N'(GTP) does not accumulate, and complex kinetics of adenylate cyclase activation. In the extreme case in which one of the components is in great excess, the kinetics will approach first-order kinetics.
In fact, these two observations do not contradict the collision coupling theory. First, although the f3-adrenergic receptor forms a stable complex with Ns, in the presence of a f3-agonist and in the absence of guanyl nucleotide, it readily decomposes upon GTP or p[NH]ppG binding (12) . Second, the fact that R and Ns interact with each other in the absence of C does not disprove that in the native situation Ns and C always function as a complex. Indeed, to separate Ns from C, a combination of detergent and high-salt concentration must be used (14, 15) . Furthermore, reducing the concentration of C in the native turkey erythrocyte membrane does not change the first-order kinetics of C activation by the agonist-bound receptor (7) . This observation is not compatible with shuttle mechanisms and supports the collision coupling Proc. Natl. Acad Sci USA 81 (1984) mechanism. These findings indicate that N, and C are associated with each other within the native membrane, but the current belief is still that the three functional units are separate (16) . In the present study we explore the tightness with which N, and C are associated, under mild solubilization conditions. MATERIALS AND METHODS Materials. CH3(CH2)7(0CH2CH2)50H (C8E5) and CH3-(CH2)7(OCH2CH2)`9OH (C8E5_9) were synthesized and their physicochemical properties were characterized as described (17) . C8E5 has a partial specific volume of V = 0.977 in 0.1 M NaCl and 20 mM buffer and a critical micelle concentration (cmc) of 7 mM. Lubrol-PX was from Sigma. Globin was prepared according to ref. 18 . Protein was determined by using the 1-fluoro-2,4-dinitro[3H]benzene method (19) .
Crude Turkey Erythrocyte Extract. Turkey erythrocyte membranes (20) were washed twice in TME buffer (50 mM) for 10 min at 24,000 x g at 40C. The pellet was suspended to a final concentration of 10-12 mg/ml with 50 mM TME buffer. Whenever desired, the adenylate cyclase was activated by incubation with 10 AM l-isoproterenol and 10 pM p[NH]ppG for 10 min at 370C (4, 5) .
Solubilization buffer contained 0.72% (wt/vol) C8E5-9, 20% (vol/vol) glycerol, 0.5 mM dithiothreitol, 1 mM EGTA, 3.2% (wt/vol) sucrose, and 4 mM MgC12 plus 10 mM TME buffer and membranes at a final concentration of 6.0 mg/ml; detergent-to-protein ratio was 1.2:1 (wt/wt). Solubilization was conducted for 60 min at 4°C. The homogenate was centrifuged at 160,000 x g for 30 min at 4-6°C. The solubilized enzyme is stable for many weeks in liquid nitrogen. These solubilization conditions were found to be the best (21) .
Enzyme Stabilization. The solubilized enzyme loses its activity with increasing purification in C8E5-9. We have therefore explored means to stabilize the adenylate cyclase activity. The best method of stabilization is by incorporating phospholipids and proteins such as beef globin or bovine serum albumin (BSA) into the buffer.
Extraction of Human N, (hNj)-Binding Protein. Human erythrocyte ghosts were prepared according to Fairbanks et al. (22) . N, was extracted from the ghosts in 1% cholate/0.6 M NaCl/1 mM dithiothreitol/1 mM EGTA/0.25 M sucrose/50 mM TME buffer, pH 8.0, and 0.1 mM phenylmethylsulfonyl fluoride (PhMeSO2F) at a final concentration of S mg/ml (23) . The volume was brought to 10 ml with doubledistilled water. Solubilization was carried out for 100 min at 4°C with gentle shaking. The supernatant was separated by centrifugation at 160,000 x g for 30 min at 4°C.
Cholate was exchanged to lubrol-PX on a Sephadex G-25 column. Two hundred milliliters of Sephadex G-25 (2.5 x 41 cm) was pre-equilibrated with 300 ml of elution buffer containing 25 
This assay is similar to the one we described earlier for the assay of turkey erythrocyte N' p[NH]ppG, using the crude turkey adenylate cyclase NSC as acceptor (25) . Fifty microliters of hN' p[NH]ppG in 0.1% lubrol-PX was incubated with the 50 ,ul of cyclase sample for 10 min at 4°C. Then 50 ,ul of cyclase substrates, containing the ATP regenerating system and theophylline, was added to start the cyclase assay as described (5).
Activation of NSC by Mg2+, Al3 , and NaF. NSC was assayed also subsequent to incubation with 20 uM AlC13, 10 mM MgCl2, and 10 mM NaF at 30°C for 30 min. Under these conditions, Ns is activated and confers activity to C (24, 26) .
Enzyme Purification. Solubilized adenylate cyclase from 80 mg of membranes was chromatographed on an Ultragel AcA34 column in C8E5_9 and in the presence of human globin as carrier, essentially as described (27) . The enzyme was pooled, then absorbed onto 2.0 ml of DEAE-Sephacel equilibrated with 0.015% lubrol-PX in the absence of globin. At this stage most of the globin is largely removed because of its high isoelectric pH [pI 7.35 (28) ], and C8Es9 was replaced by lubrol-PX. The enzyme in lubrol-PX is stable also in the complete absence of globin. The final step used was ultracentrifugation of the concentrated enzyme on a 5-20% sucrose gradient at 160,000 x g for 5 hr.
Hydrodynamic Properties. To determine the hydrodynamic properties of the partially purified enzyme, the enzyme was dialyzed four times for 4 hr each against 10 ml of 10 mM TME buffer with 0.72% (wt/vol) C8E5 to remove the glycerol and sucrose. The enzyme used for the sucrose gradient in the 2H20 gradient was dialyzed against buffer in 2H20. ri = k's20., (1 - vpd), [3] in which ri is the distance traveled by the protein from the meniscus, 520.. and v are the known values of the sedimentation coefficient at 20°C in water and of the partial specific volume for the protein, and pi is the measured density of the peak. ri is plotted against S20.,, (1 - 1 --Vp20m,, [5] in which N is Avogadro's number, 720.' is the viscosity of water at 20°C (q72o.., = 0.0100002), and P20.m1 is the density of water at 20°C (P2o0. = 0.99823 g/ml). Since F of C8E5 is 0.977 and that of protein is v = 0.735, one can obtain the molecular weight of the protein without accounting for detergent binding. The frictional ratio was calculated from the equation:
RESULTS

C8Ec9
Versus Lubrol-PX. Adenylate cyclase is stable in lubrol-PX but can also be stabilized in C8E59 (Table 1) . CgEs-9 was chosen because of its high cmc value (7 mM) and its (17) . These properties of C8E5 9 allow the adenylate cyclase to separate from other detergent-solubilized proteins, both on gel permeation columns (27) Table 1 ). The high isoelectric pH of globin (7.4) and its low molecular mass (16 kDa) allow its easy separation from the adenylate cyclase at any stage of purification (see Fig. 3 ). The enzyme was purified 300-to 400-fold over the turkey erythrocyte membranes (Table 2) . Maximal specific activity of the adenylate cyclase thus far attained was esti- Stokes radius was found to be independent of whether the column buffer contained asolectin (2 mg/ml), globin, and 20% glycerol or 0.3-0.4 mg of BSA or globin per ml. These additives improved the recovery of enzyme activity (Table 1 ) with no change of the migratory pattern of either the adenylate cyclase or the marker enzymes. enzyme shows that the characteristics of the nonactivated enzyme and the p[NH]ppG-activated enzyme are indistinguishable ( Table 3 ). The molecular mass of the detergentfree enzyme was found to be 215 ± 17.2 kDa. This value is similar to the size of S49 lymphoma adenylate cyclase (38 NsC, however, is less stable than N' p[NH]ppG-C' on DEAE-Sephacel, probably because active N, confers more stability on C than native inactive Ns. The presence of phospholipids during the purification probably augments the Nsto-C interaction (39, 40) . To resolve Ns from C, the combination of detergent with high salt is required (15, 41) .
Since the solubilization conditions described in this communication are milder than those described previously, it is likely that the solubilized species resemble the molecular species in the bilayer. Through a few hundredfold purification, N As we pointed out (7), the R-to-Ns coupling experiments carried out by Citri and Schramm (13) were performed at a high Ns-to-R ratio, which led these authors to observe a pseudo zero-order kinetics of N, activation with respect to Ns concentration. However, they attributed this type of kinetics to the tight association between R and Ns. Lefkowitz and his colleagues (12) base their shuttle model on the finding that guanyl nucleotides influence the binding of /3-agonists to the ,3-receptors. Indeed, the /3-receptor forms a stable complex with Ns in the absence of GTP (44) . These authors, however, agree with us that the /3-receptor-Ns complex is unstable and does not accumulate in the presence of both GTP and /3-agonist.
It can be argued that our results in C8E5-9 cannot be extrapolated to the situation in the phospholipid bilayer. True, but it must be recalled that (i) detergents, in contrast to phospholipids, uncouple the functional units of adenylate cyclase (38, 45) , whereas phospholipids augment their interaction (39, 40) . Thus, if we find that both Ns and C are associated in detergent, in all likelihood they are associated even tighter within the lipid bilayer, and (ii) the shuttle model is based on experiments performed in digitonin extracts in the absence of added phospholipids to stabilize the components (12, 44) . C8E V8E9 differs from its homologous detergent dodecylpoly(oxyethylene) (lubrol-PX or lubrol-12A9) in two important physicochemical properties: its cmc is 7 mM as compared to 0.08 mM for lubrol-PX, and it forms small, dynamic micelles (46) as compared to lubrol. Therefore, adenylate cyclase can be resolved from other proteins more easily in C8E5-9 (ref. 27 and this study). Although adenylate cyclase is more stable in lubrol-PX than in C8E5-9, it can be stabilized in C8E5_9 by the addition of phospholipids and carrier proteins (Table 1 ). In lubrol-PX, carrier protein is not essential. This work was supported by a grant from the Fritz Thyssen Foundation.
